A new combined numerical model of the BFC (Boundary Fitted Coordinate) system and moving boundary technique has been developed for the analysis of macrosegregation phenomena during alloy solidification. This new model is applied to a Pb-Sn alloy solidification process in a two-dimensional confined rectangular mold to study the effects of thermosolutal convection on the formation of macrosegregation. The basic equations are solved using the Continuum Model theory with the SIMPLE algorithm adopting the new combined method of time-dependent and boundary-fitted coordinate system to treat the moving (possibly irregular shaped) interface. Not only the effect of the buoyancy-driven flow due to temperature and liquid composition gradients but also the effects of the cooling condition, magnitude of gravity, and interaction between liquid and mushy zones on the macrosegregation are examined using the new combined model.
Introduction
Experimental approaches of solidification processes of molten metal are complex compared with other researches on heat transfer. The analytical solutions are also very difficult to achieve because of lots of nonlinear factors including the release of latent heat, formation of phase change interface, growth and decay of the mushy region etc. While there exists a distinct phase change interface between solid and liquid zone with each zone existing as a single zone in pure metal solidification, in alloy solidification there is not a sharp interface between each phase and the solidification occurs over extended temperature ranges called a mushy zone. As the solidification resembles a permeable crystalline-like matrix that coexists with the liquid phase in the mushy zone, the predictions of physical behavior are limited to just qualitative descriptions. However Incropera and Beckermann et al. suggested the Continuum Model theory [1] [2] [3] and the Volume-Averaging Model 4, 5) respectively, that make it possible to analyze numerically the flow and thermal behavior in the mushy zone. Vreeman et al. 6, 7) developed a binary mixture model to analyze macrosegregation and applied the developed model to the solidification of Al-Cu and Al-Mg alloys. Timchenko et al. 8) developed a mathematical model to analyze a directional solidification of binary alloy. Lan et al. 9, 10) presented a computational study of turbulent fluid flow and solidification in the mold of a continuous caster. Kalla et al. 11) studied the double diffusive natural convection using the Darcy model together with the Boussinesq approximation. Mat et al. 12) investigated numerically the solidification of NH 4 Cl-H 2 O system using a continuum mixture mathematical model.
Chakraborty et al. 13, 14) developed a two dimensional and three dimensional transient fixed grid enthalpy based numerical model to analyze the binary alloy solidification and applied it to the NH 4 Cl-H 2 O system. Though most researches dealt with the double diffusive convection which is a very critical problem in the alloy solidification, they were carried out based on a fixed grid system. Thus, as the solidification proceeds, the area of each zone changes; the number of grids in the liquid (or mushy) zone reduces just when more precise prediction is needed. On the other hand, in the solidified zone, the number of grids increases unnecessarily because diffusion is the only dominant phenomenon in this zone. If the mushy zone can be predicted, with the application of moving boundary technique, we do not have to sacrifice the accuracy of calculation in liquid (or mushy) zone at the later stages of solidification, nor apply too many numbers of meshes, especially in the solid zone, for the numerical analysis.
In this work, a method to trace the phase change interface between mushy region and fully solidified region is introduced, and both the boundary-fitted coordinate (BFC) system and the moving boundary technique based on unstructured grids are adopted. With this new combined algorithm, the number of grids needed for the calculation can be reduced with favorable calculation accuracy by adopting intensive meshes only in necessary regions. 15) With the validation of numerical results, the effect of cooling rate changes on the characteristics of flow and heat transfer are investigated as well as the effect of thermosolutal convection on the formation of macrosegregation.
Since the macosegregation affects the mechanical properties of materials, it is suggested that solidification under microgravity would be one of the effective methods to minimize macrosegregation and obtain uniform materials. As microgravity conditions can be experienced in space, researches on the effect of microgravity on solidification are becoming important. 8, [16] [17] [18] Timchenco et al. 8) studied the transient plane front solidification of alloys under microgravity conditions. Nastac 16) developed a comprehensive numerical approach for modeling of macrosegregation and applied it to the Pb-10wt%Sn alloy solidification under normal and reduced gravity. Dupouy et al. 17) proposed simple rules for the prediction of segregation effects due to natural convection in the mushy zone based on a scaling analysis. Yu et al. 18) showed that there were dramatic change in the morphology in the Al 2 Cu solidification under microgravity aboard the space shuttle Endeavor comparing to that under 1 g. But it is (i) difficult to make a database for the numerous materials of potential interest and (ii) expensive to carry out experiments under microgravity conditions. However, of course, experimental studies in microgravity need not be made physically but it can be done by simulation as previous authors have recommended. 8, [16] [17] [18] Numerous situations can be examined and the range of optimized conditions can be narrowed by simulation before doing practical experiments. This greatly reduces the cost of trial and error methods. In this case, the effect of gravity on the alloy solidification has been studied with this combined algorithm for different conditions of gravity (1 g, 0.1 g, 0.01 g, and 0.001 g). The maximum and minimum values of solute concentration are obtained and compared for each case. The effect of interaction between liquid and mushy zones is also examined briefly.
Theoretical Background

Basic Equations
In the case of alloy solidification, phase change proceeds extending over a finite temperature range called mushy region and there isn't any sharp interface between solid and liquid region. To deal with physical phenomena in the mushy zone, the Continuum Model theory is adopted with the following assumptions. 1) The flow is laminar and two dimensional.
2) The properties of each phase (liquid and solid) are homogeneous.
3) The Boussinesq approximation is used to calculate the buoyancy terms. 4) Species diffusion is neglected in the solid phase.
And the transport equations in the computational domain of x-h coordinate system can be expressed as follows.
where J (ϭx x y h Ϫx h y x ) represents Jacobian which means the ratio of control volume between x-h and x-y coordinates. Dependent variables (F) and source terms (S) of each transformed governing equations are listed in Table 1 with their definitions. Subscripts x, y, x and h in Eqs. (1), (2) , and Jacobian J mean derivatives; for example, ∂F/∂x. These governing equations are further simplified by assuming the solid phase to be stationary (V s ϭ0). Each property in the mushy zone depends on the volume fractions and mass fractions following the continuum model theory.
........ (3) where g and f represent the volume fraction and mass fraction, and subscripts s and l represent the solid and liquid phase, respectively. K is the permeability, which describes the effect of Darcian damping on the flow in the mushy region, and can be evaluated from Carman-Kozeny equation.
1,2,4,5)
To consider the effect of moving interface on the dependent variables, the time-dependent coordinate system 19) is adopted as follows.
The subscripts x, y in left hand side and x, h in right hand side represent the physical and the computational coordinates, respectively.
Location of Phase Change Interface and Grid
Generation Though the interface between solid and liquid zones of an alloy is not sharp as that of a pure metal, each zone (liquid, mushy or solid) can be decided based on the liquid fraction. The moving boundary system is applied to the interface between solid and mushy region, and grids are regenerated at every time stage as the each region changes (Fig. 1) . The heat balance at the mushy-solid interface is written as Eq. (5) (5) where dx/dt represents the rate of interface movement and h f represents the release of latent heat. k is defined in Eq. (3) and in the case of pure metal solidification, k is identical to k l which is the thermal conductivity of metal in liquid phase. Since Eq. (5) is discretized implicitly, i.e. h f ϭf l ϫLϭ0 at tϩDt, latent heat is already included in the energy equation as in the Table 1 , and there is no need to consider right-hand side of Eq. (5). Thus, the final heat balance equation from the temperature field can be expressed as As interface positions are always placed between mushy (or liquid) and solid cells as shown in Fig. 2(a) , the determination of phase change interface and the grid generation are done by following steps: 
Application to a Rectangular Mold and Result
Horizontal solidification is herein considered in a two-dimensional, rectangular cavity of dimensions of LϫH, as shown schematically in Fig. 2(b) . Initially, cavity is charged with an alloy of composition f 0 and initial temperature T 0 . While the right wall is fixed to the lower temperature T c , the other walls are adiabatic.
For the numerical model validation and application, 20ϫ20 and 40ϫ20 (xϫy) grids are applied to the solid and mushy region, respectively. Though the algorithm is based on implicit scheme, 20) the time step dt is newly calculated at every step by following equation to avoid the phase change front proceeding too far. 
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Validation of Macrosegregation
To verify the formulations used here, the numerical results were compared with the experimental results reported in Ahmad et al. 21) They measured the Sn concentration of solidified Pb-48wt%Sn in a rectangular mold of 10 cmϫ6 cm with the left, up, and down walls adiabatic and the right wall chilled. With the 800 meshes that are less than 50% of Ahmad et al.'s numerical model, the present numerical result shows good agreement with their experimental results as shown in Fig. 3 . Figure 3 shows the deviations from the average value (i.e. neutral line value) of Sn concentration in the x direction (from the chilled wall) at the height of 0.5 cm from the bottom wall. Since the intensity of convection flow is stronger in the early stage of solidification, the amount of deviation is larger near the chilled wall. As the solidification proceeds, the deviation is getting less due to relatively smaller convection intensity.
The Effect of Thermosolutal Convection
To investigate the effects of natural convection on the formation of macrosegregation, the simulations were performed for two-dimensional cavity mold of 5 cmϫ5 cm. It is initially filled with liquid alloy of Pb-19.2wt%Sn at a temperature of 552 K which is equal to the liquidus temperature T l . Since initial temperature T 0 is equal to liquidus line T l , solute ejection occurs from the beginning of solidification. The properties of Pb-19.2wt%Sn are listed in Table  2 .
Natural convection flow in the mushy zone during alloy solidification is due to the interaction of the thermal convection (by temperature gradient) and the solutal convection (by concentration gradient). The directions of flow due to the temperature gradient and concentration gradient in a confined mold can coincide with or be opposite to each other. In the case Pb-19.2wt%Sn, they are opposite to each other. Figures 4(a) , 4(b) and 4(c) show the calculation results of natural convection flow patterns considering the temperature gradient, the concentration gradient, and the combination of both gradients, respectively, at 40 s under 1 g with the chilled wall temperature of 420 K. In Fig. 4(a) which is the case of natural convection due to temperature gradient only, clockwise circulating flow is observed, while, in Fig. 4(b) which is the case of concentration gradient, counterclockwise circulating flow is generated with the flow intensity much stronger than that of temperature gradient. This counterclockwise circulating flow is caused by the increment of solute Sn of smaller density near the chilled wall due to different liquidus line of Sn from Pb, which results upward flow along the chilled wall. In Fig. 4(c) , which is the result of combined effect of temperature gradient and concentration gradient, almost same flow pattern with Fig.  4 (b) can be seen with the slightly weaker flow intensity than that of Fig. 4(b) , resulting from the interaction with the weak thermally-driven flow. It is apparent from this figure that the intensity of thermal convection flow is much weaker compared to that of solutally-driven flow in the case of present alloy. Figure 4(d) shows the results from different grid sizes to prove that the present grid size is reasonable in analyzing the given problem. The graph shows the Sn concentration at three different heights (0.0375, 0.025, 0.0125 m). Present numbers of meshes were 1000, and the results were compared to those of 240 and 4000. While the results from 1000 meshes and 4000 meshes were almost identical to each other, that from 240 meshes was far from the other two results. Thus it was proven that the present grid size is not deficient in analyzing the macrosegregation of present model.
The Effect of Cooling Condition
Figures 5 through 10 illustrate the velocity vectors, isotherms and macrosegregation plots at 40, 70 s for T c ϭ 420 K and those at 10, 40 s for T c ϭ300 K.
Thick, dark lines in velocity profiles (Figs. 5 and 6) indicate the mush-solid interfaces and move toward left walls with the solidification time. Due to the increased liquid concentration of Sn near solid interface, which is significantly lighter than Pb, the local concentration gradient-induced flow (solutally-driven flow) becomes more dominant than temperature gradient-induced flow (thermally-driven flow), and the resulting flow circulates in counterclockwise direction as mentioned in Sec. 3.2.
At the same solidification rate, the lower cooling rate (Fig. 5 , T c ϭ420 K) causes weaker circulating flow, while the higher cooling rate (Fig. 6 , T c ϭ300 K) causes stronger circulating flow in mushy zone as shown in Figs. 5(b) and 6(a). It is because the large temperature gradient makes the free convection flow strong. But, not only intensity of flow affects the macrosegregation but the elapsed time from the start to the end of solidification also affects the macrosegregation. It took about 260 s and 100 s to complete the solidification for T c ϭ420 K and T c ϭ300 K, respectively. Figures 7 and 8 show the isotherms for T c ϭ420 K and 300 K, respectively. They are slightly curved near left wall as a result of the counterclockwise flow. But, most isotherms are almost parallel to the vertical wall, which means that the natural convection flow is not strong enough to govern the heat transfer in entire mushy region. Rather the heat conduction is more dominant than the convection heat transfer because of the high thermal conductivity of molten metal. Though Figs. 7(b) and 8(a) are at the same solidification stage (i.e., the same interface positions) maximum temperature in mushy region is much higher in Fig.  8 (a) (T max ϭ550 K, T c ϭ300 K) than that in Fig. 7 (b) (T max ϭ 531 K, T c ϭ420 K). formed at the top of cavity and the negative segregation at the bottom as a result of transporting Sn by counterclockwise flow. Figure 11 illustrates final macrosegregation profiles for each T c after completion of solidification. As shown, the higher cooling rate (T c ϭ300 K) establishes less macrosegregation and more uniform solute profiles than the lower cooling rate (T c ϭ420 K). Since the natural convection continuously affects the solute redistribution during solidification, macrosegregation is promoted proportionally to the elapsed time. Compared to T c ϭ420 K, macrosegregation for T c ϭ300 K has narrower range. This is because the natural convection lasts rather shortly (not long enough to redistribute solute) due to the rapid solidification. under 1 g, is set to 1 C, those values under 0.1 g, 0.01 g, and 0.001 g can be converted into 0.1 C, 0.01 C, and 0.003 C respectively. Therefore, it can be concluded that the segregation improvement for Pb-19.2wt%Sn alloy against gravity magnitude is shown not to be directly proportional to the gravitational force.
The Effect of Gravitational Acceleration
The Effect of Initial Condition
The initial temperature also dominates the final macrosegregation map. The previously shown results were based on the initial temperature of liquidus line, which were free from interaction between liquid and mushy zones. Figure  13 shows the comparison of the results when the initial temperature T 0 is 560 K with the same boundary conditions to those of T 0 ϭ522 K case. In Fig. 13(a) , it is clearly seen that the clockwise circulation flow due to temperature gradient-induced natural convection in liquid zone interacts with the counter-clockwise flow in mushy zone. Since the composition of Sn is uniform over the liquid zone, the temperature gradient-induced natural convection is the only driving force of flow. As a result of interaction between liquid and mushy zones, the final macrosegregation map in Fig. 13(b) is quite different from that in Fig 11(a) . The effect of interaction is found in the whole zone of a cast especially in the right low part of it.
Concluding Remarks
(1) During the solidification of Pb-19.2wt%Sn alloy, the effect of natural convection by concentration gradient was dominant rather than that by temperature gradient. Thus, only the solutally-driven counterclockwise flow appeared in the mushy zone during solidification (thermallydriven flow had only a weak effect on the flow field).
(2) The interaction between the liquid and mushy zones has been simulated successfully, and it is shown that the interaction between the phases also affects macrosegregation causing non-uniform concentration in the casting.
(3) Though the intensity of flow was stronger at the higher cooling rate (T c ϭ300 K), the time exposed to the effect of natural convection was longer at the lower cooling rate (T c ϭ420 K). As a result, more homogeneous compositions were obtained in the higher cooling rate due to the shorter activation time of natural convection flow.
(4) As the strength of gravity was reduced, more uniform solute distributions were formed in the final stage of solidification. When the solute concentration deviation (19.2 %) under 1 g is set to 1 C, those values of 0.1 g, 0.01 g, and 0.001 g are 0.1 C, 0.01 C, and 0.003 C respectively. This implies that simply reducing gravity does not necessarily render correspondingly better quality; instead there appears to be an optimum gravity value to minimize macrosegregation. 
